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Purpose: Venous hypertension leads to venous stasis ulcers. White cell activation, protein leakage from pressurized
capillaries, and cytokine imbalances have all been implicated as indirect effects of venous hypertension that contribute to
dermal changes seen in chronic venous insufficiency. The direct effect of increased tissue pressures on dermal elements has
not been investigated. Prior studies have shown that fibroblasts isolated from venous ulcers have altered growth rates,
morphologies, and protein production similar to senescent or aged fibroblasts. We hypothesize that neonatal fibroblasts
(NNFs) cultured in conditions of increased atmospheric pressure will demonstrate altered cell function when compared
with those grown at normal atmospheric pressure (ATM).
Methods: A pressure incubator was used to culture populations of NNFs at ATM, 60 mm Hg over ATM (ATM  60 mm
Hg), and 120 mm Hg over ATM (ATM 120 mm Hg). NNF population growth rates were determined by periodic flow
cytometry analysis over a 2-week period. Light microscopy and digital imaging were used to evaluate cell morphology.
Senescence-associated B-galactosidase (SA--Gal) activity was determined using the X-Gal stain. Fibronectin production
was assessed by exposing cells sequentially to anti-fibronectin antibodies and Oregon Green-conjugated goat anti-mouse
secondary antibodies. Flow cytometry then was used to determine relative proportions of cells staining positively for
fibronectin. Statistical analysis was accomplished with analysis of variance.
Results: Populations of cells grown under increased pressures (both ATM 60 and ATM 120) showed reduced growth
rates (P < .001). Similarly, morphologies of cells grown under pressure had increased cytoplasm to nuclear ratios with
abnormal nuclear shapes. Populations of cells grown under pressure had higher percentages of cells staining positive for
fibronectin (ATM  45%, ATM  60  59%, ATM  120  79%). After 14 days of growth under pressure, fibroblast
populations did not demonstrate augmented productions of the senescence marker SA--Gal (ATM  .5%, ATM  60
 .25%, ATM  120  .75%).
Conclusions: This study demonstrated that NNFs grown in culture under increased pressures undergo a transformation
not seen in cells grown at atmospheric pressure. Cells grown under pressure demonstrated reduced growth rates,
increased fibronectin production, and abnormal morphologies similar to fibroblasts isolated from venous ulcers. This
study suggests that pressure elevations (like venous hypertension) can directly result in altered cell function and
morphology that may contribute to the delayed wound healing seen in patients with venous ulcers. This model uses a
pressurized incubator that may prove to be a valuable adjunct in studying the effects of venous hypertension. (J Vasc Surg
2003;38:1099-105.)
Current theories to explain chronic venous insuffi-
ciency (CVI) and the characteristic stasis ulceration that can
accompany this condition indirectly implicate venous hy-
pertension.1-3 Strong evidence has been presented in sup-
port of an inflammatory process mediated by cytokines and
matrix metalloproteinases in the genesis of these ulcers.4
Postulated theories all describe a cascade of events initiated
by increased venous hypertension resulting in soft tissue
changes or ulceration. To date, direct pressure effects of
venous hypertension on the cytologic elements of soft
tissue have not been investigated.
The physiologic quantification of venous hypertension
has been accomplished by using both invasive and nonin-
vasive methods. Intravenous ambulatory venous pressures
in limbs affected by CVI have been measured as high as 100
to 120 mm Hg.5 Although compartment pressures or skin
tension have not been measured in the affected limbs of
these patients, it is reasonable to assume that some mild
increases in dermal tension and tissue compartment pres-
sures exist. Swollen, weeping limbs in patients presenting
with symptomatic CVI and open ulcers are clinical testa-
ment to this assumption.
Clinical studies have reported long-term hemodynamic
derangements of limbs after deep vein thrombosis and have
documented the risk of severe symptoms and ulceration.6,7
These studies uncovered a direct relationship between the
magnitudes of venous impairment 6 months after deep vein
thrombosis (using ambulatory venous pressures) and the
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risk of eventual venous ulceration. The presence of venous
hypertension and the magnitude over time seems to be
important in the ulcerogenic process.
Work investigating the dermal and soft tissue effects of
CVI has demonstrated the possibility of an aging phenom-
enon.8 Dermal fibroblasts isolated from venous ulcers and
from patients with CVI and no ulcers or history of ulcers
have been found to have characteristics similar to aged or
senescent fibroblasts (altered morphology, slowed growth,
and increased markers of aging or senescence).8-10 Prelim-
inary studies have also suggested that the percentage of
senescent cells found in populations of fibroblasts isolated
from venous ulcers may be directly related to that ulcer’s
time to healing.11 A physiologic explanation for this pre-
mature aging of cellular elements of limbs affected by CVI
has not been uncovered.
The purpose of this study was to determine if increases
in atmospheric pressure would recreate this aging phenom-
enon in vitro with populations of neonatal fibroblasts
(NNFs).
METHODS
A specially constructed pressure incubator was used in
this investigation. Other models of variable pressure were
considered during production.12-14 A schematic of the
incubator is shown in Fig 1 (online only). This represents a
third-generation incubator, and the data presented here
were collected using this incubator. In short, an autoclave
unit was modified to control for temperature, pressure,
humidity, and CO2. The Instrumentation and Model Fa-
cility at the University of Vermont designed and con-
structed the incubator.
Incubator pressure was measured by a solid-state pres-
sure sensor. This sensor worked in concert with a compres-
sor to modulate incubator pressure. Atmospheric CO2 was
measured by an electric sensor that determined the amount
of gas present. CO2 calibration was necessary at the start of
an experiment. Throughout the incubation period, CO2
was controlled automatically by a servo system. The cham-
ber also contained the heating element from its original use
as an autoclave and a fan for air circulation. The heating
element was controlled by a thermostat with a digital
readout on the front panel. All experiments were performed
at a temperature of 37° C. pH of the media was monitored
during cell incubation. Finally, the percentage of relative
humidity in the chamber was determined by a separate
solid-state sensor.
Tissue harvest and culture techniques. Neonatal
foreskin was obtained with the permission of parents from
infants undergoing circumcision in the newborn nursery.
Two separate patients were enrolled in the study. This
protocol was approved by the Committee on Human Re-
search at the University of Vermont (Protocol CRMS 02-
156). The techniques used to isolate and culture explant
dermal fibroblasts from dermal biopsies have been previ-
ously described in detail.8 The foreskin specimens were
treated with a 5-minute povidone-iodine bath followed by
a 5-minute bath in 70% ethanol. Tissue samples then were
subjected to overnight incubation at 4° C in trypsin solu-
tion (1 g/mL), which allowed for the separation of the
dermal tissue from the epidermal and adipose tissue. The
dermal tissue was isolated under sterile conditions, cut
sharply into 1- to 2-mm fragments, and placed in etched
tissue culture dishes (Fisher, Pittsburgh, Pa).
A standard, complete medium consisting of Dulbecco’s
Modified Eagle Medium (DMEM) with 10% calf serum
and antibiotic solution (penicillin G, amphotericin B as
Fungizone, and streptomycin) was added to support cell
growth. When the cells reached 60% to 80% confluence,
they were trypsinized from their plates and were used
immediately for experimentation or frozen and stored.
All growth curves were performed on passage 2 cells.
To generate growth curves under different pressure condi-
tions, cells were plated out in a series of culture plates at a
density of 5000 cells per 35-mm plate. Cells were fed every
3 or 4 days while in culture. Each series of plates was grown
in our pressurized incubator under two conditions of in-
creased atmospheric pressure (ATM  60 and ATM 
120). Plates from each series were removed from culture,
and cells were harvested every 3 or 4 days. The population
of cells was then resuspended in media, and cell counts were
determined by means of laser flow cytometry (Coulter
Epics XL-MCL 4 color analytical flow cytometer; Beckman
Coulter Inc, Fullerton, Calif). Counts of all cells grown
under pressure were also done by using a hemocytometer.
Before observational counts staining was done with Try-
phan Blue to assure cell viability, growth curves were de-
termined by plotting these cell counts per plate over a
10-day period.
Senescence-associated aˇ-galactosidase (SA--GAL)
activity. The SA--Gal staining is well described in a study
by Dimri et al.15 After 10 days of growth in the pressurized
incubator, cells were prepared for staining. After being
fixed in a 3% formaldehyde solution, the fibroblasts were
washed with phosphated buffer solution (PBS) and incu-
bated overnight at 37° C (atmospheric carbon dioxide)
with fresh SA--GAL stain solution (1 mg of 5-bromo-4-
chloro-3-indolyl -D-galactoside [X-Gal] per milliliter/40
mM citric acid sodium phosphate, pH 6.0/5 mM potas-
sium ferrocyanide/5 mM potassium ferricyanide/150 mM
sodium chloride/2 mM magnesium chloride). Senescent
cells displayed a perinuclear precipitation of blue dye. This
allowed for clear identification with standard light micros-
copy. The percentage of positive SA--Gal cells was deter-
mined after a count of 400 cells per dish. These populations
were 60% to 80% confluent.
Cell morphology. Morphologies of cell populations
were documented by using light microscopy at 2500
magnification. At various time points during their growth
in culture, digital images were taken of the cell populations
grown under various conditions. The camera used was a
Hitachi KP-D50 digital color camera (Tokyo, Japan).
Immunocytochemistry. At the initiation of each ex-
periment, NNFs were plated on cover slips at 5000 cells per
well in a six-well plate and allowed to grow in the pressure
chamber for 10 days. Slides were removed and washed with
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Fig 2. Digital images of dermal fibroblasts grown for 10 days under conditions of atmospheric pressure (ATM) and
120 mm Hg above ATM (ATM  120). Images at 2500 magnification.
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cold PBS and fixed in 4% formaldehyde in PBS for 15
minutes. The cells were blocked and permeabilized with a
solution of 2% milk/0.1% Triton X-100 detergent and
0.1% azide solution and then stored at 4°C for 12 to 36
hours. Slides were subsequently incubated at 37°C with a
mouse anti-human fibronectin monoclonal antibody
(Santa Cruz Biotechnology Inc, Santa Cruz, Calif) 1:100
dilution, followed by a fluorescein-conjugated goat anti-
mouse IgG polyclonal antibody (Santa Cruz Biotechnol-
ogy Inc) 1:500 dilution. Slides were also counterstained
with YoYo 1:10,000/RNAase for 30 minutes to allow
visualization of the nuclei. A confocal fluorescent micro-
scope (Olympus BX50, Tokyo, Japan) was used to visualize
the fibronectin expression by the cells on the slides.
Flow cytometry was used to quantify the difference in
fibronectin expression and to determine if there were dif-
ferences in the cell cycle between fibronectin-positive and
fibronectin-negative cells. Propidium iodide-labeled popu-
lations of cells were analyzed to determine percentages of
cells in the various cell cycles. At the initiation of each
experiment, 30,000 cells were plated on several 100-mm
culture dishes and grown in the presence or absence of
pressure and then analyzed after 10 days of growth. Cells
were harvested using trypsin and resuspended in DMEM
with 10% calf serum and transferred to a conical tube. The
solution was centrifuged at 1800 rpm for 7 minutes, and
the supernatant was removed. Then the cells were washed
twice with PBS. The pellet was resuspended in 500 L of
PBS, 7.5 mL of cold 80% ethanol was added, and the
solution was rocked at 4° C for 1 to 4 hours. The solution
was centrifuged and the ethanol was removed. The pellet
was resuspended in PBS containing 2% bovine serum albu-
min. Cells were incubated at 37°C with a mouse anti-
human fibronectin monoclonal antibody (Santa Cruz Bio-
technology Inc), followed by a fluorescein-conjugated goat
antimouse IgG polyclonal antibody (Santa Cruz Biotech-
nology Inc). Subsequently, the cells were incubated at
37°C for 30 minutes with 20 L of 50X Propidium Iodide
solution (Sigma, St Louis, Mo) in 38-mM sodium nitrate at
pH 7.0 and 25 L of boiled RNase A (Amersham Bio-
sciences Corp, Piscatawway, NJ) in 10 mg/mL in 10-M
Tris 15-M NaCitrate solution pH 7.5. The cells were
stored overnight at 4°C overnight, and flow cytometry
analysis was performed the next morning.
Statistical analyses. All statistical analysis was per-
formed using STATA 7.0 (College Station, Tex).
RESULTS
Cell morphology. Initial observations of cells in cul-
ture at ATM  60 mm Hg and ATM  120 mm Hg
included the monitoring of atmospheric pressure, temper-
ature, and humidity as well as media pH. Continuous
temperature, pressure, and humidity measurements are in-
tegral to the instrument. Over a 24-hour period, tempera-
ture varied by 0.5° C (goal, 37°C), pressure by 3 to 4 mm
Hg, humidity by 7%(goal 80%), and CO2 by .05% (goal,
5.0%). Initial monitoring of pH was performed on a daily
basis and demonstrated maintenance of pH in the range of
7.32 to 7.49. Further pH monitoring was done (as routine)
with the media indicator phenol red.
Fig 3. Cell growth at atmospheric pressure (ATM) and elevated pressures (ATM  60 and ATM  120).
Cell counts at various pressures
Day 4 Day 7 Day 10
ATM 4917 35350 47583
ATM 5775 42333 57758
ATM  60 2025 7358 15575
ATM  60 5258 9250 20958
ATM  120 4125 6408 10817
ATM  120 3858 6433 7525
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Routine monitoring of cells in culture with light mi-
croscopy identified morphologic differences between the
two populations of cells (Fig 2). NNFs grown at ATM took
on the appearance of normal fibroblasts, with compact
tapered morphologies and well-defined, regular nuclei.
NNFs grown at ATM 120 were larger and pleomorphic,
and demonstrated an increased cytoplasm to nuclear ratio.
Nuclei were less regular in size and shape.
Observations during hemocytometer counting also in-
clude Tryphan Blue staining. In all cells cultured under
increased pressure, we observed less than .5% positive stain-
ing in all populations.
Growth rates. Growth curves demonstrated that the
growth rates of NNFs were markedly suppressed when
grown under pressure. By day 10, the difference in growth
rates between populations at atmospheric pressure versus
populations at 60 and 120 mm Hg was highly significant.
The rates of cell division at the three pressure levels were
evaluated by using a linear regression approach that mod-
eled cell counts as a function of time and pressure. The
atmospheric pressure group differed significantly from the
60-mm and the 120-mm groups (P  .001, linear regres-
sion analysis). The data displayed graphically depict two
separate runs at each pressure and represent all of our
growth data with the third-generation incubator (Fig 3,
Table). When comparing the population grown at 60 mm
Hg to the population grown at 120 mm Hg, there was an
augmented suppression of growth at the higher pressure,
but this was not significantly different.
Senescence rates of cell populations. Using the X-
GAL stain for SA--Gal, it was discovered that1% of cells
stained positive in all populations of NNFs grown at various
pressures (ATM .5%, ATM 60 .25%, ATM 120
.75%). No difference in the percentage of senescent cells
was observed when control populations were compared
with populations grown under pressure.
Immunocytochemistry. The results of the immuno-
cytochemistry examination for fibronectin deposition are
shown in Fig 4. When comparing fibroblasts grown at
normal atmospheric pressure with cells grown at either 60
mm Hg or 120 mm Hg, there was an observed increase in
fibronectin expression when cells were grown under
pressure.
In quantifying this difference with laser flow cytometry,
it was found that the percentage of cells staining positive for
fibronectin increased directly with the degree of added
pressure (Fig 5). No significant difference was noted in the
distribution of cells throughout the cell cycle when popu-
lations of cells that stained positive for fibronectin were
compared with those cells that did not stain positive for
fibronectin.
DISCUSSION
In this study, a pressure incubator was built to examine
the possible effects of increased venous pressures in the soft
tissues of the leg. Clinically, patients with CVI and new
ulcers often present with swollen, weeping legs. In review-
ing the literature, skin tension or tissue pressures in patients
with CVI has not been examined. Ambulatory venous
pressures in patients with CVI have been documented in
the ranges of 100 mm Hg to 120 mm Hg. Other clinical
measures of soft tissue compartments (lower leg muscular
compartments) warn of permanent cell injury and tissue
destruction at prolonged tissue compartment pressures
over 30 mm Hg. There are no good skin tension or
compartment pressure studies to document the effects of
venous hypertension. Compartment pressure increases in
the presence of venous hypertension are most likely less
than 30 mm Hg. To create an in vitro model (effective over
a period of days to weeks) to recapitulate a chronic condi-
tion, pressures higher than suspected to occur clinically
were chosen (ATM  60 mm Hg, ATM  120 mm Hg).
The cytologic aging phenomenon observed in other studies
is the result of years of venous hypertension.8-11 However,
by increasing the pressure in this in vitro model, it was
Fig 4. Immunohistochemistry stains of (A) cells grown for 10 days
at atmospheric pressure (ATM) and (B) cells grown for 10 days at
120 mmHg above ATM. Red coloration of cytoplasm represents
fibronectin immunostaining (mouse anti-human fibronectin
monoclonal ab followed by fluorescein conjugated goat anti-
mouse IgG polyclonal ab. Green color represents YoYo RNAse
stain of nuclei. Confocal microscopy was used for imaging.
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hypothesized that the rate of the aging phenomenon would
increase and be observable over days or weeks.
In this study, NNFs were subjected to 14 days of
increased atmospheric pressure. Morphologic changes, re-
duced replication, and augmented fibronectin production
were noted as the cellular response to increased pressure. In
past studies, X-GAL stain was used to test dermal elements
for populations of senescent fibroblasts.12 A significant
increase in senescent fibroblasts was not observed in the
populations of cells grown under pressure.
Venous ulcer fibroblasts have been subjected to periods
of venous hypertension for years. In this work, NNFs, an
extremely youthful population, were used. It is probable
that a longer period of pressure incubation is required to
convert NNFs to a state of terminal aging or senescence and
is currently being investigated.
Although high rates of senescence were not observed
after X-GAL staining, fibronectin staining was augmented
in populations of cells grown at high pressures. Fibronectin
is not a specific marker of cell senescence, but senescent and
aged cells do have up-regulated production of fibronectin.
Percentages of cells staining positive for fibronectin were
directly related to the degree of pressure they were grown
under. This represents some evidence in support of a pres-
sure-aging hypothesis, which requires further investigation.
The explanation for the slow healing rates of venous
ulcers is not clear. It is possible that over time venous
hypertension can alter the function of cellular elements of
soft tissue, specifically fibroblasts. Dermal fibroblasts play
an important role in the tissue reparative process. Migration
of fibroblasts into the tissue defect, production of the
extracellular matrix, wound contraction, and the produc-
tion of cytokines, which control migration of other cell
types, are all functions of fibroblasts potentially affected by
this process. This pressure phenomenon may well explain
the slowed rates of healing noted in some venous ulcers.
The data collected in this study support this hypothesis.
The potential exists that different mechanisms are at
work at 60 mm Hg and 120 mm Hg above atmospheric
pressure than at the suspected lower-pressure increases of
chronic venous insufficiency. Observational studies in our
laboratory thus far show a marked similarity among the
phenotype, growth rates, and enhanced fibronectin pro-
duction of venous ulcers fibroblasts and NNFs cultured
under increased pressure.
The work presented here showed that a direct relation-
ship exists between atmospheric pressure and altered cell
function. However, this work used only two pressures,
which did not enable the calculation of an exact dose-
response relationship. At both pressure extremes, no cell
death was observed in culture after 14 days of growth.
The relationship between venous hypertension and al-
tered cell function is suggested by this study and needs to
be investigated further. Pressure-induced cell aging is a
possible explanation for our results, and this should be
investigated. The use of an in vitro model will be helpful in
collecting meaningful data regarding cellular mechanisms
and potential methods for blocking the cellular effects of
increased tissue pressure.
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Fig 1, online only. Schematic of pressure incubator as designed by the University of Vermont Instrumentation and
Modeling Facility.
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